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Abstract 


Based on the vector diffraction theory and Inverse Faraday Effect, the light induced 
magnetizationneedle is generated by tightly focusing a circularly polarizedbeam that is modulated by a 
self-designed ternary hybrid (phase/amplitude) filter (THF). Both the phase and the amplitude patterns 
of THF are judiciously optimized by the versatile particle swarm optimization (PSO) searching 
algorithm.It is noted that by optimizing to produce an ultra-long pure magnetization needle with lateral 
sub-wavelengthscale and a super-long spherical magnetization chain with three-dimensional super 
resolution. The present work regarding these super-resolutionmagnetization patterns is of great value in 
high density all-optical magnetic recording, atomictrapping as well as confocal and magnetic resonance 


microscopy. 


Keywords: Azimuthally polarized beam; Diffractive Optical Element; Super-Resolution. 


1. INTRODUCTION 


The ultra-fast response of the light imduced 
magnetization field in the magneto optical film is great 
interest in the recent year owing to its potential 
application in all-optical magnetic recording (AOMR) 
(Stanciu et al. 2007; Khorsand et al. 2012; Mangin et 
al.2014), confocal and magnetic resonance microscopy 
(Grinolds et al. 2014), atom trapping (Vetsch et al. 
2010; Schneeweiss et al. 2014), and multi-dimensional 
magneto-optical data storage (Zijlstra et al. 2009; Gu 
et al. 2014). All these application demands a pure 
longitudinal magnetization focal structure which allows 
a well-defined magnetization direction in a material on 
an ultra-small 3D volume beyond the diffraction limit 
(~X°/8). Such a magnetization focal structure is vital 
for applications including high-density magnetic- 
optical data storage and high-resolution magnetic 
resonance microscopy. Apart from this, spherical 3D 
super resolution spot multiple into an array is a strategy 
demand to enhance the processing speed and power 
efficiency of the magneto optical recording and also 
essential for multiple magnetic particle trapping and 
manipulation. In this respect, numerous endeavors 
have been devoted to tailor the magnetization structure 


through manipulating the mutual interaction between 
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the polarization singularities of cylindrical polarization 
beam and optical vortex (Jiang et al. 2013; Qin et al. 
2015; Gong et al. 2016; Yan et al. 2017; Sicong Wang 
et al. 2018), in conjunction with amplitude/phase 
modulation (Wang et al. 2014; Nie et al. 2015; Ma et 
al. 2015; Yan et al. 2017a, 2017b; Udhayakumar et al. 
2018a; 2018b). The tightly focused circularly polarized 
beam with a high numerical aperture objective has been 
considered as an effective method to generate and 
reverse the longitudinal magnetization in the magnetic 
material up on changing the handedness of a circularly 
polarized beam (Savoini et al. 2012; El Hadri et al. 
2016a, 2016b, 2017; Pierre Vallobra et al. 2017; 
Quessab et al. 2018). Recently, Particle swarm 
optimization (PSO) algorithm, which is inspired by the 
emergent motion of a flock of birds hunting for food, 
has become a powerful tool to determine the 
parameters of DOEs for improving the performances of 
optical fields (Jie Lin et al. 2016; Mohamed Ahmed 
Mohandes, 2012) . It is manifested that the PSO 
performs well in finding good solution to optimize the 
objective function. In contrast to other optimization 
techniques, the PSO has better search performance with 
faster and more stable convergence rates (loan Cristian 
Trelea, 2003). Although this novel optimization scheme 
has several merits, such as global optimization, fast 
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convergence and reduced iteration number, _ the 
combination of both the generic algorithm and PSO 
one will make the whole optimization system more 
complex (Jie Lin et al. 2016; Mohamed Ahmed 
Mohandes, 2012).Here we numerically demonstrate, 
based on VDT and IFE, the possibility of inducing 
highly confined magnetization field the extents up to 
10.2 with no side lobes and exceptionally much 
reduced transverse magnetization component. We also 
illustrated the magnetization spots that extends axially 
using a circularly polarized annular multi Gaussian 
beam by = a _- self-designed ternary hybrid 
(phase/amplitude) filter (THF) and focused by high NA 
objective. 
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Fig. 1: Schematic setup to generate the pure longitudinal 
magnetization needle using circularly polarized 
annular multi Gaussian beam (CPAMGB) with 
THF. 


2. THEORY 


The schematic of the proposed method is shown 
in Fig (1). In a tight focusing system, amplitude of the 
multi-Gaussian beam at the entrance plane (Zz =0), in 
cylindrical coordinate system (p, ©, z0), can be written 
as (Jian-Nong etal. 2011) 
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Here, 0 is the converging semi-angle. 0n.x maximum 
converging semi-angle as which is related to objective 
numerical aperture by 6,,,,= arcsin(NA). Oo is an angle 
which, along with integer m, determines the shape of 
the modulation function.@y is usually chosen to be 
slightly smaller than Ona, 6. determines the radial 
position translation of P(@). Here we take 0. 
=O na/2.Wo 18 the waist width of single Gaussian beam 
which is calculated by the following formula 


0 


0 
Wo =1/ 2 $$ 7 (2) 
N +4110) > exon?) 
n=—N 
Equation (1) describes an object beam. It is 


suitable to convert Eq. (1) from a function of angle into 
a function of radial polar coordinate. One may 
substitute @ with arcsin (r/f), where f is the focal 
distance of the objective. In Eq. (1), the factor (6/0) 
measures that the most of light energy is located on the 
annular edge of the pupil. Increasing the integer m 
concentrates more energy into the annular edge area in 
which the converging semi-angle is more than 45. The 
sum of (2N + 1) spatially equally spaced Gaussian 
beams ensures that amplitude of the constructed 
annular multi-Gaussian beam decreases suddenly, when 
reaching the outer edge of the pupil. Such an amplitude 
modulated beam can be realized by encoding suitable 
phase mask on spatial light modulator. Based on 
Richards and Wolfs vectorial diffraction method 
widely used for high NA focusing systems at arbitrary 
incident polarization (Richards and Wolf, 1959) the 
electric field E(p,o, z) in the vicinity of the focal region 
of an incident circularly polarized beam can be written 
as. 


A(T,+T,e '°*) 
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Here a is the convergence semi angle of the lens, 
k=2n/X is the wave number, A is a constant, and J, is 
the nth Bessel function of the first kind. The 
magnetization can be induced by the inverse Faraday 
Effect. For simplicity, the conducting electrons in the 
magneto optical film can be treated as a collision less 
plasma in which the electrons can move freely, at least 
on the time scale given by the period of the high- 
frequency field and the wave’s fluctuating magnetic 
field is neglected. Thus the magnetization M generated 
in the plasma by the high-frequency field is 
proportional to i7ExE* (Van der Ziel et al. 1965), which 
can be expressed as (Hertel, 2006; Volkov and 
Novikov, 2002) 


M (p..9.,%,.) =iyvEXE" 6) 


Where y is a magneto optical constant. Substituting Eq. 
(3-4) into Eq.(5) we obtain the magnetization 
M,normalized to yand for the incident left-handed 
circularly polarized light that is given by 
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From Eqs. (6), one can immediately see that the 
magnetization is a three-dimensional distribution in 
general. 


3. NUMERICAL SIMULATION RESULTS AND 
DISCUSSION 


The fixed parameters used for the calculations 
are AX = 1, and NA = 0.85. Here, for simplicity, we 
assume that the refractive index n = | and order 
(m) of CPAMGB as 30. For all calculation in the 
length unit is normalized to i and the energy density is 
normalized to unity. Fig 2(a) shows the 2D 
magnetization distribution obtained for the incident 
CPAMGB with m=30. Fig 2(b) and (c) shows the 
corresponding magnetization distribution in the radial 
and axial planes. We noted for the fig 2(b) and (c) the 
FWHM of the magnetization spots is 0.454 and its 
focal depth is 8A.we also noted that the residual radial 
magnetization distribution is only 10% of the 
longitudinal distribution and there are no side lobes 
observed. Hence such a magnetization spot can be 
utilized for all optical helical switching. 


Intensity 





Fig. 2: (a) 2D Normalized magnetization distribution in r—z plane for circularly polarized annular multi-Gaussian 
beams (m = 30). (b) Normalized magnetization profiles along the radial direction at z = 0. (c) Magnetization 


profiles along the z-axis atr =0. 
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However it is very much essential to improve the focal 
depth of the magnetization spot without increasing the 
spot size. However for helical depended switching, the 
incident beam should be of circularly polarized and 
here we demonstrated the possibility of creating the 
super long magnetization needle of sub wavelength 
scale magnetization spots using a novel sine-shaped 
ternary hybrid filter (THF) is well devised with the 
modified PSO algorithm to produce a_ pure 
longitudinally magnetization needle with ultra-long 
DOF by strongly focused a circularly polarized annular 
multi Gaussian beam (CPAMGB). 


A(@)=F 15 ae 


sin(22 S /a ) 

Is the transmittance function with p,, s; and m being the 
radius and phase factors and the belts number of the- 
THFs (Xiaoyu Weng et al. 2014). It should be 
mentioned that, different from the common binary 
DOE, we can controllably vary both the amplitude 
(O—1) and the phase (0/x) of THF. Moreover, the 
proposed PSO algorithm is able to robustly solve the 
multiple parameters of the THF with fast convergence 
and global optimum. 


Table 1. Parameters of the sine-shaped ternary hybrid 
filter for m=2 












NOHuaZed 1.024 2.041 
transmittance 
Phase 
parameter 
Amplitude 
parameter 


0.183 


1.216 
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Fig 3(a) shows that generating subwavelength 
scale magnetization probe with fine axial homogeneity 
generated by Fig 3(b) shows that the FWHM of the 
generated magnetic probe is 0.44. The on axial 
intensity distribution shows in fig 4(c) shows that the 
generated magnetization focal segment is_ axially 
homogenous and its FWHM the DOF is around 6.44. 
Thus by using a single focusing unit and by properly 
axial field strength is achieved in the focal region. The 
perfect magnetization needle and the accessible method 
give a guide for ultrahigh density magnetic storage, 
fabricating magnetic lattices for spin wave operation as 
well as atomic trapping. 


Fig. 4(a), shows the 2D magnetization 
distribution obtained for the incident CPAMGB with 
m=30. It is noted from fig 4(b) the FWHM of 
generated magnetization spot is only 0.4 with no side 
lobe and the residual transverse magnetization is still 
5% of the longitudinal magnetization distribution. It is 
noted from fig. 4(c), the depth of focus (DOF) of the 
generated magnetization spot very well extended up to 
10.24. Moreover, since the HGPSO combines the 
genetic algorithm, self-adaptive parameters, 
recombination and mutation operation (Jie Lin et al. 
2016), the program structure of the HGPSO is more 
complex than that of PSO, thus leading to low 
optimization search efficiency in multi-dimensional 
data optimization. In these regards, our proposed PSO 
is a feasible and efficient way to design and optimize 
the filters for achieving the magnetization needle. Such 
a subwavelength scale needle of longitudinal 
magnetization spot find applications for ultrahigh 
density magnetic storage, fabricating magnetic lattices 
for spin wave operation, as well as atomic trapping. 


Intensity 


Fig. 3: (a) 2D Normalized Super-long magnetization needle with well axial homogeneity (m = 2). (b) Normalized 
magnetization profiles along the radial direction at z = 0. (c) Magnetization profiles along the z-axis at r =0. 
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Fig. 4. (a) 2D Normalized magnetization needle for circularly polarized annular multi-Gaussian beams with THF. 
When (m = 30). (b) Normalized magnetization profiles along the radial direction at z = 0. (c) Magnetization profiles 


along the Z-axis atr =0. 
4. CONCLUSIONS 


Based on the vector diffraction theory and 
Inverse Faraday Effect, the light induced magnetization 
needle is generated by tightly focusing a circularly 
polarized annular multi Gaussian beam that is 
modulated by a_ self-designed ternary hybrid 
(phase/amplitude) filter (THF). Both the phase and the 
amplitude patterns of THF are judiciously optimized by 
the versatile particle swarm optimization (PSO) 
searching algorithm. It is noted that by optimized sine- 
shaped THFs to produce an_ ultra-long pure 
magnetization needle with lateral sub-wavelength scale, 
an magnetization needle with the full width at half 
maximum (FWHM) of 0.4Aand the DOF of 10.2 Ais 
achieved . The pure longitudinal magnetization needle 
with super high aspect ratio and well axial uniformity 
for ultrahigh density all-optical magnetic recording and 
fabricating magnetic lattices for spin wave operation 
and atomic trapping with flexibility. 
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